-6 -cluster (i.e. 5 and 3 parS sites respectively; see operon structures in Fig. 3 ) was 120 required for clear inhibition, whereas for c1 and c3 a single parS site was sufficient 121 (Fig. 1A) . We took advantage of this latter high sensitivity to assay the effects of all 122 single base substitutions on one arm of the 16 bp palindromes parS-c1 and parS-c3 123 (Fig. 1B) . In parS-c1 most single changes lead to loss of function, i.e. unperturbed 124 growth of transformant colonies, whereas substitutions at position 1 and the transition 125 T5C do not, i.e. maintenance of growth inhibition. Mutant parS-c1 sites with 126 symmetric double changes at these positions remained partly (T1G-A16C) or fully 127 (T5C-A12G) inhibitory for growth. Among parS-c3 mutants, those with changes at 128 position 1 or the transition C6T imparted a degree of inibition, the others none. As the 129 8 bp core sequences of parS-c1 and -c3 are identical we tested a hybrid parS-c1/c3 130 (Fig. 1B) . This sequence was not inhibitory, i.e. it does not compete in vivo with 131 either parS-c1 or parS-c3. 132
To complement these results we carried out electrophoretic mobility shift 133 assays (EMSA) using short duplex parS probes and extracts of ParB-overproducing 134
Escherichia coli cells (see Material and Methods). Extracts were used rather than 135 purified ParB proteins, owing to the impracticability of purifying certain proteins 136 which, despite strong transcription of their genes, could be obtained only at low 137 concentration. Because of variation of ParB concentrations between extracts (Fig. S1 , 138 Table S1 ), we determined the quantities of extract appropriate for EMSA by 139 measuring the binding of each parS probe as a function of the quantity of extract 140 protein containing the cognate ParB ( Fig. 2A) . For ParB-c2, -c3 and -pBC, 1 μg of 141 extract gave maximal binding. For ParB-c1, > 5μg was required for a strong binding, 142 We then examined the binding of ParB-c1 and ParB-c3 to mutant parS-c1 sites. 152
Mutant parS-c1 that no longer inhibit growth also failed to bind ParB-c1, as illustrated 153 by T5A and T3C (Fig. 2C ), while those that did inhibit growth, such as T1A and T1G, 154 still bound (Fig. 2C) . The non-inhibitory hybrid parS-c1/c3 also failed to bind ParB-155 c1 (Fig. 2D) . Binding affinities reflected relative in vivo inhibition in some cases 156 (compare T5C-A12G with T1G-A16C in Fig. 2C ) but not all (T1A and T1G mutants 157 appeared equally inhibitory). In contrast, ParB-c3 exhibited distinct binding 158
properties, e.g. the hybrid sequence parS-c1/c3, although non-inhibitory, bound ParB-159 c3, with somewhat reduced affinity, forming the characteristic three-band pattern 160 (Fig. 2D) , as did two other chimerae not tested in vivo, c2/c3 and c3/pBC (Fig. 2D,  161 and see Table 1 and Fig. 3 wild-type (see Fig. 5 ). 171
These results confirm that ParB/parS systems of B. cenocepacia are highly 172 specific and non-overlapping. Some relaxation of specificity is nevertheless possible, 173
suggesting that certain of these systems might cross-react with those of related 174 bacteria. 175 176
Par families characteristic of secondary replicons of Burkholderiales 177
We carried out a bioinformatic analysis of available Eubacterial genomes to 178 find centromeres similar to those of J2315. The criteria were: (i) palindromes of at 179 least 14 bp, (ii) a central CG dinucleotide, (iii) a T-rich 5' end, (iv) location upstream 180 of a parAB operon. We found such palindromes. In all cases the adjacent parAB genes 181 encode proteins with sizes similar to those of J2315 (Fig. 3) . These loci were found 182 only in species from the order Burkholderiales, most of them belonging to the family 183 Burkholderiaceae (genera Ralstonia, Cupriavidus and Burkholderia), and five to 184
Comamonadaceae (genera Polaromonas and Rhodoferax). Essentially all these loci 185 are in secondary chromosomes or large plasmids; the one apparent exception is a par 186 locus on chromosome 1 (c1) of Ralstonia pickettii 12J; however it appears to belong 187 to a 380 kb plasmid integrated in the terminus region of c1. We identified 8 new 188 palindromic parS motifs related to those of B. cenocepacia. On the basis of the 189 phylogenies and the parS sequences, we could distinguish seven families of par loci, 190 which we name Bsr -Burkholderiales secondary replicon ( mostly of a narrow cluster with a defined parS (Fig. 3, Bsr3-a (Fig. 3) were amplified, cloned and expressed in E.coli, and the ParB 214 proteins in cell-free extracts were tested by EMSA for binding to various parS sites. 215
All ParB/parS cognate shifts were detected (Fig. 2, 4 (Fig. S2) . On the other hand, the Bsr1-ParB of pBC bound not only to the 220 parS characteristic of its family but also to the two variant parS sites specific to the 221 Bsr1-b locus of pNAP1. Moreover, the pNAP1 and pBC ParB proteins showed the 222 same order of affinity for the three parS sites -wt > T6G > G10T (Fig. 4A and B) . 223
This result confirms the phylogenic link between the two ParBs, and suggests that the 224 changes in the parS sites of pNAP1 affect bases not essential for binding of these 225
proteins. 226
Cross-reaction was also found in Bsr3. This result was more surprising 227 because proteins and parS sites of this family exhibit considerable divergence. Cross-recognition between these subtypes was tested by EMSA ( Fig. 4C and 235 D). ParB-c3 bound the incomplete palindromic parS-12J almost as strongly as its own 236 parS and more strongly than the non-palindromic hybrid parS sites shown in Fig. 2D . 237
Reciprocally, ParB-12J bound parS-c3 strongly. Also, both proteins formed a 238 multiband pattern further implying their relatedness. There are nevertheless obvious 239 differences in the binding specificities of these proteins, e.g. (Fig. 3 ), but were unable to find the three other 344 (Fig. 3) . This 348 observation suggests that an ancestral ParB/parS cognate pair may relax its 349 specificity, co-evolve and generate a diversity of subtypes. vietnamiensis G4 is a Bcc member and, as such, it carries a C3 system. Accordingly, 360 G4 and C3 do not cross react. Indeed, despite their common core, CACGTG, parS-G4 361 and parS-c3 differ by 8 bases, and the ParB-G4 and ParB-c3 HTH domains differ at 362 many residues (Fig. 6A) , suggesting evolution for compatibility between G4 and C3. 363
In contrast, there is no compatibility constraint between subtypes C3 and 12J 364 nor between C3 and 12D, C3 being from Burkholderia, the latter two from Ralstonia. 365 We found indeed that ParB-c3 binds to parS-12J and, more weakly, to parS-12D. 12J 366 has one arm of parS identical to one parS-c3 arm and its ParB-HTH is similar to that 367 of C3 (Fig. 6A) . These similarities explain the cross-reaction between 12J and C3. By 368 on October 3, 2017 by guest http://jb.asm.org/ Downloaded from -16 -contrast, the cross-reaction between 12D and C3, even though weak, is unexpected. 369
The HTH domain of ParB-12D strongly diverges from that of ParB-c3 (Fig. 6A) and 370 parS-12D differs from parS-c3 by three double changes (positions 4-6 and symmetric 371 11-13). Besides, one of these changes introduced alone in parS-c3 (positions 5 and 12, 372 form. The swapped ParB-c3 HTH12D even binds parS-12D, producing a single retarded 383 species similar to that observed with ParB-12D (Fig. 6B ). These observations argue 384 for ParB-c3 as the ancestor of the Bsr3 group. Likewise, parS-c3, with its symmetrical 385 form, core CACGTG and terminal GTT, appears ancestral; each related parS has lost 386 one of these features -12J the symmetry, 12D the core, G4 the ends (see Fig. 7 for 387 summary). 388 annealing 26 base oligonucleotides (PAGE-purified by Sigma) were 32 P-labeled using 448 T4 polynucleotide kinase. Total protein extracts of E. coli (0.2 -25 μg for initial 449 titration tests, 10 μg for subsequent tests) were added to the probes (1nM in 50mM 450
Is a third chromosome emerging in
Tris-HCl, pH 7.5, 100mM NaCl, 10% glycerol) on ice, then incubated for 10 min at 451 room temperature prior to electrophoresis on 5% polyacrylamide gels in TBE buffer 452 (90mM Tris-borate, 1mM EDTA) at 160V for 2h at 4°C. The gels were dried on 453
Whatman DE81 paper and exposed to a PhosphorImager screen (Fuji). Proportions of 454 shifted and unshifted probes were measured using the MultiGauge program 455 (Fujifilm). 456
Bioinformatic analysis
For detection of parS motifs, defined 14 bp 457 palindromic sequences with a central CG were first used as queries at NCBI/BLAST/ 458 with the program adapted for short, nearly exact matches of the blastn suite on all 459 bacterial genome sequences. A second analysis was carried out using the proteins 460 
c3: F S D Q N T L A E K I G K D K A S I S K T L S

G4: Y R D Q L E L A A A V G E D K G V V N K V L L
12J: V A D Q N S L A E K V T K D K A Y V S K V L S
12D: F P D Q D A L A A T L D L S K A Q V S K T L S
Helix 1
Helix 2 Turn 
